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sue)	 and	maximum	power	 (maximum	rate	of	heating)	 from	a	 standardized	 lightning	
discharge	 differed	 300%	 among	 tree	 species.	 Tree	 size	 and	morphology	 also	were	
important;	the	heating	density	of	a	hypothetical	10	m	tall	Alseis blackiana	was	49	times	
greater	 than	 for	a	30	m	tall	 conspecific,	and	127	times	greater	 than	 for	a	30	m	tall	
Dipteryx panamensis.	Lianas	may	protect	 trees	from	 lightning	by	conducting	electric	












fects	of	 lighting	on	 trees	have	 interested	 scientists	 for	more	 than	 a	
century	 (Anonymous,	 1898;	 Komarek,	 1964;	 Stone,	 1914;	 Taylor,	
1977),	but	the	spatial	and	temporal	stochasticity	of	 lightning	remain	






1987;	 Shugart,	 1987;	 Stephenson	 et	al.,	 2011),	 and	 the	 different	
mechanisms	of	individual	tree	death	rarely	are	quantified.	This	is	par-
ticularly	problematic	 for	 trees	 in	 the	 relatively	 large	 “standing	dead”	
category	(Carey,	Brown,	Gillespie,	&	Lugo,	1994),	many	of	which	are	
due	 to	 lightning.	Resolving	 these	 ambiguities	 is	 increasingly	 import-
ant	as	lightning	frequency	is	expected	to	increase	in	a	warmer	world	
(Romps,	Seeley,	Vollaro,	&	Molinari,	2014;	Williams,	2005).	Here,	we	
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explore	how	variation	in	a	key	trait—electrical	resistivity—can	explain	
the	 varied	 effects	 of	 lightning	 on	 trees	 (hereafter,	 “lightning–tree	
interactions”).
Whereas	 lightning	 is	 a	 frequent	 cause	of	 tree	mortality	 in	 some	
regions	(Brünig,	1964;	Covert,	1924;	Reynolds,	1940;	Yanoviak	et	al.,	
2015),	many	 trees	 struck	 by	 lightning	 suffer	 no	 apparent	 ill	 effects	
(Orville,	 1968;	 Stone,	 1914;	 Taylor,	 1977).	 The	 most	 parsimonious	
hypotheses	to	explain	this	variation	focus	on	differences	in	lightning	




ambiguous,	with	 historical	 references	 to	 “starchy”	 oak	 versus	 “oily”	
beech	 trees	differing	 in	 their	attractiveness	or	 response	 to	 lightning	





Lightning	 damages	 trees	 mainly	 through	 heat	 energy—both	
the	extreme	quantity	of	heat	 and	 the	high	 rate	 at	which	 it	 is	 ap-








2009;	 Plummer,	 1912;	 Stone	 &	 Chapman,	 1912;	 Taylor,	 1964).	
Similarly,	a	prolonged	lightning	discharge	(i.e.,	“continuing	current”	
or	CC	 lightning,	 typically	200	A	 for	115	ms	 (Bitzer,	2017))	causes	
sustained	heating	that	presumably	kills	trees	and	ignites	forest	fires	
(Anderson,	1964;	Fuquay,	Taylor,	Hawe,	&	Schmid,	1972;	Kitagawa,	
Brook,	 &	Workman,	 1962).	What	 humans	 commonly	 perceive	 as	
a	 single	 lightning	 flash	 is	 actually	 a	 very	 complex	 phenomenon	
having	three	main	properties:	(i)	the	number	of	return	strokes	(vis-
ible	 pulses	 of	 electric	 current),	 (ii)	 the	 duration	 of	 the	 current	 in	
each	return	stroke,	and	(iii)	the	peak	current	of	each	return	stroke	
(Uman,	2001).	These	properties	are	highly	variable	among	flashes,	
potentially	 contributing	 to	 stochastic	 variation	 in	 lightning–tree	
interactions.




the	 electrical	 resistance	 (R)	 of	 the	 struck	 tree	 (Uman,	 2008),	which	
varies	among	 tree	 species	and	 their	general	morphology	 (the	 three-	
dimensional	 shape	 of	 a	 tree,	 see	 Equation 1	 below).	 Specifically,	
electrical	resistivity	differs	consistently	among	species	and	increases	
with	tree	diameter	 in	all	cases	(Gora	&	Yanoviak,	2015).	Such	differ-
ences	 may	 explain	 why	 lightning-	caused	 tree	 deaths	 appear	 to	 be	
twice	as	common	for	relatively	resistant	conifers	as	they	are	for	more	
conductive	hardwoods	 (Baker,	 1973;	Reynolds,	 1940;	Taylor,	 1977).	




Although	 many	 plant	 traits	 vary	 predictably	 with	 latitude	 (e.g.,	
freeze	 tolerance,	 deciduousness),	 structural	 differences	 in	 vascular	
tissue	 between	 growth	 forms	 (trees	 and	 climbing	 plants)	 generally	
are	consistent	between	temperate	and	tropical	regions	(Angyalossy,	
Pace,	 &	 Lima,	 2015;	 Christensen-	Dalsgaard,	 Fournier,	 Ennos,	 &	
Barfod,	2007).	Specifically,	climbing	plants	typically	hold	more	water	
per	unit	of	stem	volume	than	do	trees	in	both	temperate	and	tropical	
regions.	Relative	water	content	 (and	other	 factors,	 like	 ion	content)	
partly	 determines	 the	 electrical	 resistance	 of	 plant	 tissues	 (Bieker	









swampy	 conditions	 (Anderson,	 1964).	 Recent	 observations	 indicate	
that	another	factor—the	presence	of	lianas	(woody	vines)—influences	
the	effect	of	lightning	on	trees	(Yanoviak,	2013).	Specifically,	the	ten-



















and	maximum	 power	 decrease	with	 increasing	 tree	 size	 (increased	
height	 and	 diameter),	 and	 differ	 among	 tree	 species	 due	 to	 differ-
ences	 in	 their	 general	morphology	 and	 electrical	 resistivity.	 Finally,	
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2  | METHODS
Field	 work	 for	 this	 project	 was	 conducted	 in	 the	 Barro	 Colorado	
Nature	 Monument	 (BCNM)	 in	 Panama	 (9.15°N,	 79.85°W).	 The	
BCNM	 is	 a	 seasonally	 moist	 lowland	 tropical	 forest	 administered	


















The	 field	 methods	 for	 this	 project	 followed	 those	 of	 Gora	 and	
Yanoviak	 (2015).	 Briefly,	 we	 measured	 the	 electrical	 resistance	 of	




on	 the	same	 longitudinal	 axis	of	a	 liana	or	 tree	stem.	We	measured	
diameter	 of	 the	 stem	 at	 the	midpoint	 between	 the	 two	 electrodes	
and	recorded	air	temperature.	We	then	calculated	electrical	resistivity	
using	Equation	1,	
where R	 is	 resistance	 (ohms,	 Ω),	 p	 is	 resistivity	 (Ωm),	 A	 is	 cross-	
sectional	area	 (m2),	and	L	 is	 length	 (m)	of	 the	measured	section.	To	









We	 used	 one	 focal	 species	 from	 each	 growth	 form	 (the	 liana	
Arrabidaea patellifera,	 N	=	15;	 and	 the	 tree	 A. blackiana,	 N	=	15)	 to	
quantify	 how	 resistivity	 changes	 with	 stem	 moisture	 content.	 We	
measured	 electrical	 resistance	 as	 described	 above,	 except	 that	 the	
electrodes	were	 separated	by	20	cm.	After	 recording	 resistance,	we	
removed	the	20	cm	section	of	stem	using	a	handsaw	and	sealed	it	in	
a	preweighed	plastic	bag.	We	then	weighed	each	fresh	stem	section,	
dried	 it	 to	 constant	mass	 in	 an	 oven	 at	 60°C,	 and	 recorded	 its	 dry	
weight.	Dry	mass	was	subtracted	from	wet	mass	to	calculate	moisture	
mass	and	percent	moisture	content.




heating	 and	maximum	 power	 during	 a	 lightning	 strike	 differ	within	
(1)p= RA
L
Species Family <3 cm 3–10 cm >10 cm
Trees	
(N	=	145)
Dipteryx panamensis Fabaceae 8 7 12
Jacaranda copaia Bignoniaceae 8 8 20
Terminalia amazonia Combretaceae 7 8 –
Luehea seemannii Malvaceae 5 8 –
Miconia argentea Melastomataceae 8 8 –
Alseis blackiana Rubiacaea 6 8 19
Lianas	
(N	=	103)
Clitoria javitensis Fabaceae 7 8 –
Arrabidaea patellifera Bignoniaceae 6 9 –
Combretum 
decandrum
Combretaceae 8 8 –
Connarus panamensis Connaraceae 7 7 –
Davilla nitida Dilleniaceae 6 9 –
Hippocratea volubilis Celastraceae 7 8 –
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and	among	tropical	and	temperate	tree	species	given	different	initial	
conditions	(i.e.,	different	lightning	flash	characteristics).	The	model	in-





among	 tree	 tissues	and	not	dissipated	away	 from	 the	 tree	during	a	
discharge	(which	typically	occurs	in	<1	ms),	and	that	lightning	current	
does	not	 flashover	 to	 nearby	objects.	 Finally,	 electric	 current	 flows	









We	used	Equation	2	 to	 compare	 the	 resistive	heating	 (hereafter	
referred	to	as	“heating”)	of	different	tree	species	in	response	to	each	





















uously	damaged	by	electric	 current	 in	>90%	of	 the	 lightning	 strikes	
on	BCI	 (Yanoviak,	Gora,	Burchfield,	Bitzer,	&	Detto,	2017)	 in	a	 sep-
arate	 study,	 demonstrating	 that	 electric	 current	 flows	 through	both	




complex	 will	 differ	 according	 to	 its	 resistance	 (obtained	 from	 field	
measurements).	Given	this	relationship,	we	modeled	the	distribution	
















cases,	and	the	 incremental	 increase	was	calculated	as	 (maximum	di-
ameter	−	minimum	diameter)/height	 in	 centimeters.	We	determined	
the	resistivity	of	each	cylinder	in	the	stack	based	on	species-	specific	

























tropical	 and	 temperate	 lianas	using	 resistivity	data	 from	 liana	 stems	
measured	in	Panama	and	Kentucky	(Gora	&	Yanoviak,	2015),	respec-
tively.	We	conservatively	used	6	cm	as	the	maximum	 liana	diameter	
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assumed	that	liana	stems	are	25%	longer	than	their	host	tree	height	





A. blackiana.	We	 chose	D. panamensis	 because	 it	 is	 the	 closest	 rela-
tive	of	P. copaia	 in	the	suite	of	focal	species	used	for	this	study,	and	
because	 both	 species	 have	 similar	 general	 morphology.	 We	 chose	






It	 is	 impractical	to	model	every	possible	type	of	 lightning,	so	we	fo-
cused	on	three	common	canonical	lightning	discharges	(single	stroke,	
multiple	 stroke,	 and	 continuing	 current)	 to	 capture	 a	 range	 of	 the	







We	 created	 three	 different	 types	 of	 hypothetical	 lightning	 dis-
charges	 based	 on	Diendorfer	 and	Uman	 (1990).	 The	 simplest	 type,	
Discharge 1,	was	a	single	cloud-	to-	ground	(CG)	return	stroke	discharge	
with	a	peak	current	of	30	kA.	These,	and	other	parameters,	are	 the	





















































Slope Intercept D1 D2 D3
Tropical Jacaranda copaia 8.29 2.07 1,275 1,154 18.9 27.6 24.7
Alseis blackiana 8.66 2.39 2,062 1,867 30.6 44.7 40.0
Dipteryx panamensis 8.77 1.87 1,284 1,163 19.0 27.9 25.0
Temperate Acer rubrum 8.46 2.29 1,716 1,554 25.4 37.2 33.3
Acer saccharum 8.17 2.83 2,615 2,368 38.8 56.7 50.7
Quercus rubra 8.42 2.63 2,359 2,136 35.0 51.2 45.8
Betula alleghaniensis 8.23 2.75 2,471 2,238 36.6 53.6 48.0
Pinus virginiana 9.09 2.51 2,706 2,450 40.1 58.7 52.5
Pinus resinosa 7.91 3.28 3,685 3,336 54.6 80.0 71.5
Pinus strobus 8.66 2.55 2,406 2,178 35.7 52.2 46.7
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and	we	 used	 regression	 to	 determine	 how	 resistivity	 changed	with	







cause	 it	was	 relatively	consistent	 (see	Section	3),	 and	differences	 in	
temperature	much	larger	than	those	observed	here	were	unimportant	
in	a	 similar	 study	 (Gora	&	Yanoviak,	2015).	We	used	 the	Bonferroni	
correction	 for	multiplicity	when	 necessary.	 Electrical	 resistivity	 data	
were	 log-	transformed,	 and	 diameter	 was	 cube-	root	 transformed	













tions.	 Specifically,	 the	amount	of	heating	and	maximum	power	 (i.e.,	








tended	 to	 be	more	 severe	 for	 temperate	 trees.	 Interspecific	 differ-
ences	 in	 heating	 and	maximum	 power	were	 caused	 by	 variation	 in	
both	 the	 resistivity	 of	 stem	 tissues	 and	 overall	 morphology.	When	
considering	only	resistivity,	heating	was	lowest	for	the	tropical	trees	
J. copaia	 (18.9	GJ)	 and	D. panamensis	 (19.0	GJ),	whereas	 heating	 of	
A. blackiana	 (30.6	GJ)	was	 ca.	 60%	 greater	 than	 for	 either	 of	 these	
species	 (Table	2).	 Temperate	 trees	 typically	 had	 greater	 estimated	







Tree	morphology	was	 a	 species-	specific	 property	 in	 this	 study,	 but	
differences	in	the	shape	of	branches	within	the	same	species	or	even	
the	 same	 individual	 should	 similarly	 affect	 patterns	 of	 heating	 and	
maximum	power.
Within	 a	 species,	 taller	 model	 trees	 experienced	 greater	 heat-
ing	and	maximum	power,	yet	their	heating	density	was	substantially	
lower	 (Figure	2,	Table	3).	For	A. blackiana	 trees,	the	maximum	power	
expected	for	a	30	m	tall	individual	(2,384	TW)	was	21%	greater	than	











lianas	 have	 the	 capacity	 to	 inadvertently	 protect	 trees	 from	 lethal	
lightning	 damage	 (Figure	3,	 Table	4).	 The	 presence	 of	 one	 liana	 re-
duced	both	heating	and	maximum	power	by	more	than	half	(Figure	3;	
mean	±	SD:	 60.4	±	7.1%	 reduction).	This	 protective	 effect	 increased	
when	more	 lianas	were	added;	three	 lianas	on	a	single	tree	reduced	
heating	and	maximum	power	by	87%	(±4.0%).	The	expected	protec-
tive	effect	of	 lianas	was	higher	 in	 trees	with	greater	electrical	 resis-
























(Discharge 2),	 and	 ca.	 31%	 higher	 for	 the	 continuing	 current	 flash	





3.1 | Electrical resistivity of tropical plants
Electrical	 resistivity	 generally	 differed	 between	 lianas	 and	 trees;	
liana	resistivity	was	on	average	ca.	50%	lower	than	that	of	trees	for	
stems	3–10	cm	in	diameter	(F1,103	=	7.01,	p	=	.023,	α	=	.025;	Figure	4).	
By	 contrast,	 electrical	 resistivity	 did	 not	 differ	 between	 liana	 and	
tree	 stems	 <3	cm	 diameter	 (F1,94	=	0.937,	 p	=	.336).	 Temperature	





(trees:	F5,40	=	115.16,	p	<	.001;	lianas:	F6,48	=	22.03,	p	<	.001;	α = .025; 
Figure	5).	 Electrical	 resistivity	 also	 differed	 among	 tree	 species	 for	
stem	diameters	>10	cm	(F3,47	=	567.2,	p	<	.001;	Figure	6).	Regardless	












Dipteryx panamensis 30 47.4 1,525 1.80 1,380 22.6 12.5
25 37.0 1,394 0.92 1,262 20.7 22.5
22 31.1 1,326 0.58 1,200 19.6 34.2
20 27.3 1,284 0.40 1,163 19.0 47.0
18 23.7 1,244 0.28 1,126 18.4 66.7
15 18.5 1,190 0.14 1,077 17.6 124.3
10 10.6 1,114 0.03 1,009 16.5 509.7
Alseis blackiana 30 38.3 2,633 1.18 2,384 39.0 33.0
25 29.5 2,477 0.59 2,243 36.7 62.3
22 24.6 2,396 0.36 2,169 35.5 97.8
20 21.4 2,352 0.25 2,130 34.9 138.7
18 18.5 2,302 0.17 2,085 34.1 200.4
15 14.2 2,251 0.09 2,038 33.4 392.1

















in	 resistivity	 described	 above.	 Electrical	 resistivity	 of	Arrabidaea pa-
tellifera	 and	 A. blackiana	 increased	 with	 diameter	 (F2,27	=	112.2,	
p	<	.001,	 Figure	7a),	 but	 decreased	 with	 increasing	 moisture	 con-
tent	 (F2,27	=	19.0,	 p	<	.001,	 Figure	7b).	 Alseis blackiana	 consistently	
had	 higher	 resistivity	 than	A. patellifera	 across	 a	 range	 of	 diameters	
(F2,27	=	116.0,	p	<	.001),	but	their	ranges	of	moisture	content	 largely	





predictor	of	 resistivity.	That	 is,	when	 the	species	 term	was	dropped	
TABLE  4 The	predicted	decrease	in	heating	and	maximum	power	experienced	by	trees	with	0,	1,	or	3	lianas	present	(0L,	1L,	and	3L)
Region Species
Total heating (GJ) Maximum power (TW)
Total heating or 
power diverted (%)
0L 1L 3L 0L 1L 3L 1L 3L
Tropical Jacaranda copaia 18.9 9.27 3.63 1,154 566 222 51 81
Alseis blackiana 30.6 10.7 3.23 1,867 653 197 65 89
Dipteryx panamensis 19 9.3 3.62 1,163 569 222 51 81
Temperate Acer rubrum 25.4 12.6 4.79 1,554 771 293 50 81
Acer saccharum 38.8 14 4.34 2,368 854 265 64 89
Quercus rubra 35 13.7 4.48 2,136 836 273 61 87
Betula alleghaniensis 36.6 13.9 4.42 2,238 850 270 62 88
Pinus virginiana 40.1 14.1 4.29 2,450 862 262 65 89
Pinus resinosa 54.6 14.6 3.78 3,336 892 231 73 93
Pinus strobus 35.7 13.8 4.46 2,178 842 272 61 88

























tion	 (Anderson,	 1964;	 Anonymous,	 1898;	 Covert,	 1924).	 Here,	 we	
present	the	first	quantitative,	mechanistic,	predictive	foundation	for	
understanding	 how	 any	 healthy	 tree	 potentially	will	 be	 affected	 by	
lightning.	Unlike	all	previous	work	on	this	topic,	the	modeled	effects	













trees	 in	 regenerating	 secondary	 forests	 will	 have	 relatively	 higher	
rates	of	 severe	or	 lethal	 lightning-	caused	damage	by	virtue	of	 their	
smaller	average	size.
















important	 role	of	moisture	 in	wood	resistivity	 is	well	established	 (Al	












F IGURE  7 Resistivity	across	a	range	of	diameter	(a)	and	moisture	content	(b)	for	the	same	individuals	of	Alseis blackiana	(solid	line	and	open	
circles)	and	Arrabidaea patellifera	(dashed	line	and	filled	circles).	The	x-	axis	is	cube-	root	transformed	in	panel	a
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mortality	among	tree	size	classes	(Anderson,	1964;	Magnusson,	Lima,	
&	de	Lima,	1996).	These	latter	studies	were	conducted	months	or	years	
after	 the	strike;	 thus,	 counts	of	dead	stems	could	be	biased	against	
smaller	size	classes	due	to	their	lower	persistence	(Magnusson	et	al.,	






















However,	 given	 the	 high	 frequency	 of	 lightning	 in	 the	 lowland	wet	





















but	 advances	 in	 lightning	 sensing	 technology	 (Bitzer	 et	al.,	 2013)	
suggest	 that	 this	 logistical	 hurdle	 soon	will	 be	 overcome	 (Yanoviak	
et	al.,	 2017).	Finally,	 an	accurate	estimate	of	 lightning-	caused	death	
also	 fundamentally	 depends	 on	 the	 probability	 that	 any	 given	 tree	
will	be	struck	by	 lightning.	 Incorporating	 this	 risk-	based	 information	
into	 the	model	would	enhance	 its	predictive	power	and	broaden	 its	
applicability.
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